Transforming growth factor beta (TGF-ß) plays a role in enterocyte proliferation control, cell differentiation and immune regulation via binding to specific TGF-ß receptors (TGF-ß R) in the intestinal epithelium. Endogenous TGF-β production is low in the perinatal period but the fetal enteral diet, amniotic fluid, and postnatal colostrum also contain TGF-ß ligands. It is not clear however, whether luminal TGF-β receptors are present and functional at this critical time. We studied intestinal TGF-ß receptors by immunohistochemistry during the last 20% of gestation in pigs and in chronically catheterized fetuses following exposure to colostrum, milk and amniotic fluid (control). In fetal pigs, the TGF-ß Rs were predominantly localized to the crypt epithelium but staining intensity increased markedly just before term and shifted to the villous epithelium in newborn pigs, concurrently with marked increases in villous heights and crypt depths (+100-200%, P < 0.05). In contrast to previous observations in term newborn pigs, fetal pigs did not show any milk-induced change in TGF-ß receptor densities or localization although a moderate increase in villous height was observed, relative to control (+25-50%, P<0.05). We conclude that intestinal TGF-ß receptor density and localization are immature and unresponsive to TGF-ß containing milk diets in prenatal pigs.
Introduction
Transforming growth factor-beta (TGF-β) is a multifunctional polypeptide. It has been associated with many biological processes, including epithelial cell growth, differentiation and cell arrest (11, 50) , restitution of epithelia after injury (23) and immune regulation (9, 31) . Appropriate immune regulation plays a key role for neonatal adaptation and TGF-β may play a role to adapt the immature gastrointestinal tract (GIT) to bacterial colonization and enteral food intake (19, 51) . Synthesis of TGF-β is low in newborn intestinal enterocytes and immune cells, increases postnatally (12) and exogenous milk-derived TGF-β may act to replace the need for endogenous TGF-β production at this critical time. In pigs, TGF-β production matures during the late suckling period and is responsive to dietary changes around weaning (24, 25) . TGF-β is present in milk (30, 32, 37, 52) , particularly in colostrum, which also induces a rapid growth and maturation of the intestinal epithelium (14, 51) . The changes include a marked increase in villus height, lowering of crypts and a transient decrease in TGF-β receptor density on the mature villus epithelium, probably in response to receptor activation and internalization (25, 26) . TGF-ß is also present in amniotic fluid (4, 13, 17) and may stimulate fetal GIT growth via amniotic fluid swallowed by the developing fetus (40) . Provision of colostrum or amniotic fluid to preterm neonates provide some protection against gut inflammatory lesions and necrotizing enterocolitis (NEC) in pigs (2, 45) but it remains unknown whether TGF-ß receptors are present and functional in the immature intestinal epithelium.
TGF-ß suppresses proinflammatory cytokine release in immature fetal intestinal cells (9) and hence, TGF-ß may act to enhance enterocyte differentiation and suppress inappropriate mucosal immune reactions following the first exposure to microbial and dietary antigens. TGF-β exerts its biological actions through interactions with a cell surface transmembrane receptor complex, TGF-β RI, RII and RIII (21) . A physiological role of 4 dietary TGF-ß in the adaptation of the preterm GIT requires that mucosal TGF-ß receptors are present and functional on the apical enterocyte membrane. In the fetal mouse intestine, TGF-β RI and RII have been detected (20) but no studies have been reported in other species, such as the pig, in which GIT development more closely resembles that in infants. It is also not known whether receptor development in immature pigs or infants is modulated by exposure to luminal diets containing TGF-ß ligands. TGF-ß receptor density decreases in term infants following diet-induced villous atrophy and colitis (8) and in newborn term pigs after exposure to colostrum (25) .
We hypothesized that mucosal structure and TGF-ß receptors would be immature during late gestation and relatively refractory to TGF-ß containing diets. We used pigs to test this hypothesis and quantitative estimation of receptor densities was performed following dietary intervention of fetuses in utero because we wished to control for the possible effects bacterial colonization and metabolic complications after preterm birth (hypoxia, hyperthermia, gut ischemia) (2, 39, 41) .
Materials and Methods

Experiment 1: Perinatal development of TGF β ligands and receptors
A total of ten fetal pigs and five newborn unsuckled pigs from six Large White × Landrace sows were used. Fetal pigs were obtained by caesarean section (42) 3) or sow´s colostrum (n = 3) for 24 h, were killed for tissue collection following protocols described in detail elsewhere (24, 41) . The fetal and the newborn pigs were euthanased by intraperitoneal injection of an overdose of pentobarbitone and the small intestine from the pyloric sphincter to the ileo-caecal junction was immediately removed and placed on ice. The small intestine was then dissected free of its mesentery and divided into proximal, middle and distal regions (average 17, 50 and 83% from the pyloric sphincter, respectively). A block of tissue (about 1 cm in length) was taken from the middle of each region of the small intestine for histological studies.
Experiment 2: Effects of luminal diets in utero
A total of 18 fetal pigs from six Large White × Landrace sows were used. Under anaesthesia, twelve pigs from six pregnant sows were surgically prepared with an esophageal feeding catheter at 99-100 d of gestation as described in detail elsewhere (42) . Briefly, each fetus was exteriorized and an incision made in the neck by which a silastic cathether (vinyl tube, outer diameter 1.52 mm, Dural Plastics and Engineering, Auburn, Australia) was passed down the esophagus until the tip entered the fetal stomach. The esophagus was ligated 6 and swallowed amniotic fluid by each fetus would pass back into the amniotic cavity by another tube inserted into the fetal esophagus towards the pharynx. After catheterization of each fetus, the incisons in the fetal neck, fetal membranes, placenta and uterine wall were closed with sutures. Antibiotics were given to operated fetuses and to the sow which was also provided with progesterone as a precaution against preterm labour (42) .
Starting from 24 h after the surgical preparation, the catheterized fetal pigs were infused through the catheter with 10 mL boluses of colostrum whey (n = 4), milk whey (n = 0.5µg/L, respectively). The presence of active TGF-ß activity was confirmed by assaying both milk and amniotic fluid samples by the epithelial cell bioassay described previously (45) . On a dry matter basis (TGF-ß µg/mg dry matter), the TGF-ß activity in pools of porcine amniotic fluid was assayed to be 10-15% of the activity in porcine colostrum.
Tissue histology
Paraffin sections (5 μm) were stained with haematoxylin and eosin. Following the previous descriptions (24, 25) , morphological parameters, including the wall thickness (from the villus-crypt junction to the serosa mucosa), villus height (from the tip of the villus to the villus-crypt junction), villus width (the diameter of the villus at the villus-crypt junction), and crypt depth (from the villus-crypt junction to the lower limit of the crypt) were analyzed under a light microscope (Carl Zeiss, Werk Gottingen, Germany) which was connected to an image processing and analysis system (Quantimet 500, Leica Cambridge, Cambridge, UK). 
Statistics
Results were expressed as mean and standard error (SEM). Analysis of variance (ANOVA) was used to compare variances among various age and treatment groups. We first checked data by the Levene Test for Homogeneity of Variances to confirm normal distribution of the data. Statistical differences between two groups then were tested by least significant difference (LSD) test using SPSS (SPSS, Chicago, USA) and P < 0.05 as the critical level of significance.
Results
Experiment 1: Perinatal development of TGF β ligands and receptors
Throughout the last 20% of gestation, the lamina propria and the villous base area Quantitative morphometric results of different regions of the small intestine in the prenatal period are presented in Table 1 . Significant increases with gestational age during the final 20% of gestation were observed for the villus height and crypt depth in all regions of the small intestine. The increase in villous height was most pronounced in the middle and distal regions of the intestine, while for crypt depth the increase was maximal in the proximal region. Hence, the villus height to crypt depth ratio decreased towards term in the proximal region (-50%) and increased in the distal small intestine (+ 100%) ( Table 1 ).
Immunohistochemical examination demonstrated that TGF-β RI, RII and RIII were similarly distributed along the entire small intestine of fetal pigs during the last 20% of gestation. Staining of the three receptors was predominantly localized at the crypts and the base parts of the villi at 90 d gestation although a faint staining of the three receptors along the apical membrane at the villus tips could also be noted (Figure 3) . 4 ). In newborn pigs, both apical and basal membranes of the villus epithelium were strongly stained with TGF-β receptors, while staining for RI and RII at the crypts was weaker than in fetuses (Figure 3 ). At all gestational ages, the immunoreactivity of the three TGF-β receptors was also noted in the wall of blood vessels located in the submucosa, smooth muscle cells and Auerbach's plexus located between two muscle layers along the whole small intestine.
There were very few cells in the lamina propria that stained positive for the three receptors.
Experiment 2: Effects of luminal diets in utero
There was no significant difference among the four groups of fetal pigs in villus height or crypt depth in the proximal small intestine (Table 2) . However, fetal pigs infused with colostrum whey or milk whey had significantly longer villi, and higher villus height to crypt depth ratio, at the middle and distal regions of the small intestine, than fetuses infused with amniotic fluid or control fetal pigs. The effect was most pronounced in the middle intestine 12 where pigs infused with colostrum whey also had significantly longer villi than pigs infused with milk whey. Obvious villus epithelial cell swelling, indicating endocytotic uptake of colostral immunoglobulins, was noted in fetal pigs infused with colostrum whey and these pigs also had significantly wider villi than the other groups ( Figure 5 ). TGF-β receptors were expressed in all diet groups predominantly in the crypt region and there were no obvious differences among the three intestinal regions. Both the staining intensity (OD) and the percentage area of positive staining of three receptors at crypts did not differ among treatments in any of the three regions investigated. Figure 6 shows the quantitative results for TGF-β RI and RIII for the middle small intestine.
Discussion
Just after birth the small intestine is highly susceptible to inflammation and malfunction due to the excessive intake of novel nutrients and the challenge of bacterial colonization. At this time, when endogenous TGF-β production is immature, TGF-ß receptors may be activated by TGF-ß ligands present in amniotic fluid and colostrum and help to suppress harmful mucosal immune responses and control enterocyte proliferation and gut growth. When TGF-β binds to its receptors, it acts as a dimeric assembly factor that induces RII to activate RI, which then phosphorylates intracellular Smad proteins regulating gene expression (21) . RIII, also known as betaglycan, is a transmembrane proteoglycan that may not be directly involved in signal transduction but binds and presents TGF-β to the signalling RI and RII molecules, and it may also function as a ligand reservoir (18) that in neonates are supplied partly from large TGF-ß RIII levels in colostrum (7).
In newborn pigs fed colostrum, a dense population of TGF-ß receptors on the villous epithelium appears to undergo internalization, followed by resynthesis or recycling back to the enterocyte membrane a few days later (25) . Exposure of receptors to their corresponding ligands often down-regulates receptor expression, as shown for gut regulatory peptides such as epidermal growth factor (6) and somatostatin (15) . During early ontogeny, luminal exposure to ligands may also help to mature receptor function as observed for gastrin (46) .
The transient postnatal decline in TGF-ß receptor density in newborn pigs exposed to colostrum (25, 26) could be related to colostrum-induced changes in the ultrastructure of the epithelium and the associated increases in mucosal mass (+80-120%), villus height (+40-60%) and crypt depth (10-20%) during the first day after birth (14, 41, 47) . At this critical time of increased proliferation and rapid tissue remodelling, the combined actions of endogenous TGF-ß1 (the main mucosal isoform) and the more abundant exogenous supply of TGF-ß2 (the main isoform in body fluids, including colostrum) may act as a "growth brake"
to induce caspase and tumour necrosis factor alpha (TNF-α) dependent enterocyte apoptosis (11, 12, 25) . The synergistic actions with other milk bioactive peptides (9, 52), specifically directed to induce enterocyte proliferation and mucosal growth (epidermal growth factor, EGF; transforming growth factor alpha, TGF-α; insulin-like growth factor, IGF-1; insulin), may enable the rapidly developing newborn gut epithelium to maintain the delicate balance between cell proliferation and cell arrest at a time of rapid growth, adaptation and functional and immunological maturation.
In the present study, intestinal villus structure and the distribution of TGF-ß receptors TGF-β has been detected in amniotic fluid from several species (4, 13, 17) but the level is much lower (range 13-244 pg/mL) than in colostrum (67-3280 pg/mL) (30, 31, 37, 52).
Regardless, it cannot be excluded that luminal delivery of TGF-β ligands via swallowed amniotic fluid plays a developmental role. Studies on the effects of fetal esophahegal obstruction (40, 48) , and postnatal infusion of amniotic fluid to prevent development of NEC (45), support a role of amniotic fluid on gut growth and differention, as well as mucosal immunity.
Only few TGF-ß immunoreactive cells were present in fetal and newborn pigs, and mainly in the crypt region. The density increases postnally and may reach a maximum at weaning (12, 24, 43) . Although the main role of TGF-β in the neonatal intestine maybe to inhibit, not stimulate enterocyte proliferation, TGF-ß has been shown to enhance proliferation and promote cell regeneration in the intestinal crypts, both for Paneth cells (44) and epithelial cells (5) growth by acting as a 'brake' on proliferation of crypt cells (16) . It has been shown that TGF-β1 has the strongest inhibitory proliferation effects in the lower (stem cell) regions of the crypt (34) . Reduction in the level of TGF-β receptors at the crypts just before birth suggests a decrease of inhibition signal from crypt cells, allowing higher proliferative rate and crypt expansion, consistent with the relatively long enterocyte turnover rate observed in fetuses (49) . This slower proliferative rate may explain that 10 days, but not 3 days, of luminal IGF-1 infusion into fetal lambs, had trophic effects on the intestinal epithelium (49) . In the present study, the three TGF-ß containing diets were infused in four daily boluses and lasted a full week. Despite this relatively long exposure to TGF-ß containing diets, limited maturation was observed for villous structure and the density and localization of TGF-ß receptors.
Perspectives and Significance
Ontogenetic age, rather than birth, luminal diets or bacterial colonization, is the major determinant of villous growth and TGF-ß receptor density in the perinatal period. The slow and late development of gut TGF-β receptors before birth may help to explain why preterm neonates are more sensitive to the nature of enteral diets than term neonates. In preterm neonates, milk formulas (containing negligible TGF-β) are associated with increased incidence of gut inflammary lesions and NEC (2, 3, 22, 41, 45) . 
